Wire-shaped austenite (r) alloys of Fe-Mn-Cr-AI-C system exhibiting high strength and large elongation have been produced by the technique of melt spinning in rotating water. The formation range of r phase is limited to about 0 to 20 at% Cr, 2 to 9 at% Al, 1 to 6 at% C and above 6 at% Mn. The wires have a circular cross section whose diameter is in the range of 80 to 200 gym. The average grain size of the r wires is as small as about 0.8 jm. The yield strength (ay) and the tensile strength (Q f) of the wires increase to 480 MPa and 900 MPa, respectively, with increasing amounts o f Cr, Al and/or C, while elongation increases to 20 % with the decrease in Cr, Al and/or C. The high strength and good ductility of the metastable r wires produced by the meltquenching technique have been interpreted as due to the suppression of the phase transformation of r to a mixed structure of ferrite+M7C3 carbide, in addition to the refinement of grain size. Furthermore, the cold-drawing to about 90 % reduction in area has been found to result in a very significant increase of tensile strength from 835 to 3 850 MPa, through the fibrous formation of the strain-induced lath martensite (c4) phase and a remarkable work-hardening ability of r and aL phases,
I. Introduction
It has been recently demonstrated that wire-shaped metastable crystalline phase alloys of Fe-,"2~ Mn-3/ and Ni-based4,5> systems exhibiting high strength and good ductility are readily produced by melt spinning in rotating water.6'7~ Among their alloy wires thus produced, it is striking that the Fe-Ni-Cr-AI-C wires with a matastable austenite (r) single phase and a r + lath martensite (cr) duplex phase exhibit extremely high tensile strength above about 3 920 MPa (400 kg/mm2) after cold drawing to about 90 % reduction in cross sectional area.2~ The attainment of such high strength has been considered to originate from an unique microstructure introduced by meltquenching and the subsequent cold drawing. The application of the same melt-quenching technique to Fe-Mn-Cr-AI-C alloys was expected to result in the formation of the metastable r phase wires exhibiting similarly high tensile strength and good ductility, from the similarity in the alloy components between Fe-Mn-C.r-AI-C and Fe-Ni-Cr-AI-C systems and a strong austenite-forming tendency of Mn. Further, it is very attractive from an engineering point of view that the cost of raw materials is much lower for the Fe-Mn alloys than for the Fe-Ni alloys. In this paper, we present the microstructure and mechanical properties of Fe-Mn-Cr-AI-C alloy wires produced by the in-rotating-water spinning method and the changes in their mechanical properties by cold drawing or annealing,
II. Experimental Procedures
The ingots of Fe-Mn-Cr-AI-C alloys with different compositions were prepared under an Ar atmosphere in an induction furnace from pure metals and white cast iron. Since the difference between nominal and chemically analyzed compositions was less than 0.2 wt% for Mn, 0.2 wt% for Al and 0.1 wt% for C, the compositions are expressed by the nominal values in atomic percent. From the master ingot, a continuous wire of about 80 to 200 tm diameter was prepared by melt spinning in rotating water as a sample for measuring mechanical properties. The details of the apparatus and the quenching conditions for the production of continuous wires were the same as those2~ for Fe-Ni-Cr-AI-C wires. In addition, a long ribbon with a cross section of about 3 mm x 0.08 mm was prepared by a single roller melt-spinning technique as a test sample for structural observation.
The methods of characterizing the crystalline structure and the microstructure of the as-quenched phase by X-ray, optical and electron metallographic techniques and of determining yield strength (60), tensile fracture strength (as) and plastic elongation (e5) have been described elsewhere.5~ The fracture surface morphology was examined by scanning electron microscopy. Figure 1 illustrates the composition ranges in which various as-quenched phases form in Fe-Mn-Cr-2,Sat%Al-3at%C(Fe-Mn-Cr-2.5A1-3C) (a) and Fe8Mn-12.5Cr-Al-C (b) alloys. Austenite single phase is formed in the wide range of 0 to 20 at% Cr and above 6 at% Mn for the former alloy system and of about 2 to 9 at% Al and about 1 to 6 at% C for the latter alloy system. Judging from the results by X-ray analysis and optical microscopy that usually solidified structure of the alloys exhibiting the r single phase as a melt-quenched structure is composed of a, r, M23C6 and/or M7C3, the r single phase is concluded to be a metastable supersaturated solid solution containing large amounts of Cr, Al and C. These elements in the r phase are reasonably considered to have been dissolved substitutionally for Cr and Al and interstitially for C. These results suggest that the cooling rate (104105 K/s) of the ribbons (t ^ 80 ~€m) during melt quenching could be sufficiently high to 
III. Results

1, As-quenched Microstructure
Transactions Is", Vol. 25, 1985 suppress the phase transformation of r to a or a' as well as the precipitation of M7C3 and M23C6 carbides from r matrix. Photographs 1(a) to (d) show the microstructure of the r single phase in Fe-8Mn-12.5Cr-Al-C system. The r phase has grain sizes as small as about 0.4N 1.0 pm and there is no systematic change in grain size with varying alloy composition. The density of dislocations in r phase induced during melt quenching tended to decrease with increasing C content, whereas there was no appreciable change in the dislocation density with the amount of Al. All the r alloys were so ductile that no cracks were observed even after a closely contacted bending test. However, the ductility decreased significantly with compositional deviation from the formation range of the r solid solution. The brittleness can be attributed to the formation of twin martensite (aT) for the alloys of lower contents of Al, C, Mn and/or Cr, to the precipitation of M7C3 for the alloys containing high concentration of C and to the precipitation of M7C3 or M23C6 and the formation of a for the alloys containing higher concentration of Al or Cr. The microstructures of the second phases which caused the brittleness are presented in Photos. 2 to 5.
The lattice parameter of the r solid solution is plotted as a function of Al, Cr or C content in Fig. 2 . The value increases from 0.3615 to 0.3658 nm with increasing Al, Cr or C content. The increase per atomic percent replacement is greatest for Al, followed by C and then Cr.
Furthermore, the r solid solution very frequently contains a high density of stacking faults which lie on the {111}r plane as shown in Photo. 6. The density appeared to increase with increasing Mn content in the composition range examined in the present work. This indicates that the r phase in the Mncontaining alloys has a rather low stacking fault energy, in contrast to the previous result2~ that no stacking fault was observed in the nonequilibrium r solid solution in melt-quenched Fe-Ni-Cr-AI-C alloys.
Formation of Continuous Wires
Continuous ductile wires with N 100 ~cm diameter were formed in a compositional range of 2 to 10 at% Al and 1 to 7.5 at% C for the Fe-8Mn-12.5Cr-Al-C alloys and 5 to 20 at% Cr and above 6 at% Mn for the Fe-Mn-Cr-2.5A1-3C alloys. The compositional ranges agree with those marked with open signs in Fig. 1 representing the good ductile nature for the ribbon samples having N 80 pm thickness. The optical micrograph presented in Photo. 7 shows a Compositional dependence of as-quenched structure of Fe-Mn-Cr-2.5A1-3C (a) and Fe-8Mn-12.5Cr-Al-C (b) alloys formed by melt quenching. 7 % for 1001im diameter wire. Thus, the FeMn-Cr-AI-C wires with metastable r phase produced by this technique exhibit a rather uniform shape, indicating high stability of the molten jet stream through and in rotating water. The main quenching parameters for producing continuous wires with good uniformity of shape were adjusted as follows : (1) The distance between the surface of water and the end of a quartz tube was about 3 mm, and the angle of the nozzle against the surface of water was about 60 deg.
Photo.
Transmission electron micrographs and selected
area diffraction patterns showing the duplex structure of austenite and M7C3 carbide in melt-quenched Fe-8Mn-12.5Cr-2.5A1-7.5C
( (a) and (b)) and Fe-8Mn-12.5Cr-2.5A1-lOC ((c) and (d)) alloys.
Transmission electron micrograph
showing the duplex structure of ferrite and M7C3 carbide in melt-quenched Fe-8Mn-12.5Cr-15A1-3C alloy.
4. Transmission electron micrographs and selected area diffraction patterns showing the duplex structure of twin martensite (aT) and austenite in melt-quenched Fe-5Mn-5Cr-2.5A1-3C ((a) and (b)) and Fe-5Mn-15Cr-2.5A1-3C ((c) and (d)) (2) The orifice size of the quartz nozzles varied between 0.07 mm and 0.2 mm in diameter corresponding to the diameters of the resultant wires.
(3) The circumferential speed of the drum was approximately 11 m/s.
(4) The temperature of cooling water was approximately 278 K and the depth of the water layer was about 25 mm.
(5) The melt was ejected by an Ar over pressure of about 0.20.3 MPa at a temperature of 75 to 100 K above the liquidus.
(6) The melt jet to water velocity ratio was in the range of 0.7 to 0.8.
Finally, it appears important to point out that the existence of Al was necessary to accelerate the generation of a very thin oxide film around the liquid jet stream which prevents its break-up before it is fully solidified, in addition to raising significantly the viscosity of the liquid, when a continuous wire of the Fe-based alloys is produced by this technique.
As shown in Photo. 7, the grains of the metastable r wires are of nearly cellular type with a very small spacing. The average grain size of 110 pm diameter wire was about 0.8 im and no significant change in grain size of the r wires with varying alloy compositions was observed. As is evident from the comparison of Photo. 1 and Photo. 7, the average grain size of the r phase is almost the same between the wires having 100 €m diameter and the meltquenched ribbons having N 80 ,um thickness. Thus, it should be emphasized that metastable r wires consisting of grains as fine as about 0.8 pm are produced in one process operation by the melt-quenching technique.
Mechanical Properties of the r Wires
As examples, uniaxial tensile stress-elongation curves of some Fe-8Mn-l 2.5Cr-Al-C wires having wire.
Transactions ISIJ, Vol. 25, 1985 (1073) the metastable r phase are shown in Fig. 3 . The r wires elongate smoothly with work-hardening, and then fracture without distinct localized necking. The work-hardening rate (d6/dr) tended to increase with Al and C contents, but the degree was greater for C. Figure 3 also shows that the precipitation of M7C3 carbide causes a further increase in the work-hardening rate accompanied with a significant reduction in elongation. Yield strength (o , ), nominal tensile fracture strength (a f) and elongation (er) of the r, r+M7C3, r+a+M7C3, and r+a+M23Cs wires of the Fe-Mn-Cr-AI-C system are plotted as a function of C, Al, Cr or Mn content in Figs. 4 to 7, where the amount of r phase determined by X-ray diffraction method8'9~ is also presented for reference. The values of ay, 7j, and rp are the average of seven measurements. In a series of Fe-8Mn-12.5Cr-2.5A1-C alloys shown in Fig. 4 , the d y and 6 f exhibit the highest values of 880 MPa and 1 550 MPa, respectively, for the 1 % C wire containing lath martensite (ak) as a major phase, decrease with increasing r amount (i.e., increasing C content) and show the minimum values of 460 MPa and 870 MPa, respectively, for the 3 % C wire. With further increase in C content, the cy and Q f tend to increase and reach 750 MPa and 1 180 MPa, respectively, for the 7.5 at% C wire. The increases in Uy and a f with increasing C content are probably due to the solid solution strengthening by C element and the precipitation strengthening of M7C3 carbide. On the other hand, the rp exhibits an inverse compositional dependence against those of Uy and 6 f and the largest value is 20 % for the 3 % C wire. Although the 1 % C alloy consisting mainly of aL phase exhibits a relatively high tensile strength of 1 550 MPa, the elongation is as low as about 4 %. Accordingly, the subsequent study was focussed on the 3 % C alloy series exhibiting an elongation as large as about 20 %. Figure 5 shows the changes in Uy, Q f, sp, and r of the Fe-8Mn-12.5Cr-Al-3C wires with Al concentration. The Uy and c f increase from 440 to 700 MPa and from 855 to 1 095 MPa, respectively, and the ~p decreases from 19.5 to 2.5 % with increasing Al concentration.
Considering the result that the structural change of the r single phase to the r+a+ M7C3 mixed phases occurs in the vicinity of 8'-.9 at% Al, such changes in 6y, 6 f and Ep appear to reflect the following difference in strengthening mechanisms; the solid solution strengthening due to Al element for the r single phase wires containing less than about 9 at% Al and both the precipitation hardening of M7C3 and the phase transformation of r to a for the wires containing above about 10 at% Al. Thus, the elongation is greatest for the 2.5 % Al wire and the further dissolution of Al into the r phase causes a reduction in the ductility, even though the strength is significantly enhanced. The changes in Qy, c f, gyp, and r of Fe-8Mn-Cr-2.5A1-3C alloys as a function of Cr content are shown in Fig. 6 . The o and a f increase significantly from 415 to 525 MPa and from 805 to 1 025 MPa, respectively, with increasing Cr content, while the sp exhibits a maximum value (N 20 %) at 12.5 % Cr and decreases significantly with the amount of Cr. Thus the Cr content in r phase also causes significant changes in ay, c f, and %. On the other hand, the effect of Mn on the a~, 7j, ep, and the amount of r is much smaller than that of C, Al, or Cr as shown in Fig. 7 and the increase in Mn content from 8 to 20 at% causes only a slight decrease in ay from 440 to 395 MPa, o f from 850 to 740 MPa and ep from 19.5 to 1.50 %. From the above results shown in Figs. 4 to 7, the composition of the alloys exhibiting a rather high strength combined with good ductility was found to be in the vicinity of Fe-8Mn-12.5Cr-2.5A1-3C.
The asquenched structure of the alloys was composed of r single phase having an average grain size as small as about 0.8 ,um and the o y, C f, and Ep of the wires were about 440 MPa, 850 MPa and 19.5 %, respectively.
Fracture Morphology
Photograph 8(a) shows the tensile fracture surface morphology for the r single phase wire of Fe-8Mn-12.5Cr-2.5A1-3C alloy exhibiting an elongation of about 20 %. The fracture surface exhibits an equiaxial dimple pattern and the ruggedness is rather large, suggesting that the fracture process was one of nucleation, growth, and coalescence of microcavities and required a large amount of energy. Further, considering the fact that the size of final rupture surface is about 80 ~Cm which is much smaller than the original diameter (~ 145 pm) of the undeformed wire, it is concluded that the nonequilibrium r phase wire underwent final fracture after rather large necking. No evident change in fracture surface morphology with varying C and Al contents was observed in the wires having the r single phase. However, the fracture morphology changed significantly Changes in Qy, 6f, gyp, and r of melt-quenched Fe8Mn-Cr-2.5A1-3C wires as a function of Cr content. and Fe-8Mn-12.5Cr-2.5A1-7.5C (b) wires. (1.075) by the appearance of the duplex and triplex structures. As exemplified in Photo. 8(b), the fracture surface of the 7.5 % C wire with a+M7C3 phase is composed of rather embrittled fracture patterns without the trace of distinct plastic deformation in the central part and a dimple pattern in the circumferential part. Further, the reduction in area was considerably smaller for the 7.5 % C wire than for the 3 %C wire. The change in fracture morphology indicates that the nucleation and propagation of cracks became easier by the precipitation of M7C3 carbide, with the result that the 7.5 % C wire exhibited an elongation much smaller than the 3 % C wire.
Effect of Gold Drawing on the Mechanical Properties
All the r single phase wires were able to be colddrawn from about 135 to 20 pm in diameter without annealing treatments. The changes in the 6" i f, and 8p of Fe-8Mn-12.5Cr-2.5A1-3C alloy by cold drawing are shown in Fig. 8 as a function of reduction in cross sectional area. With increasing reduction in area, the a,, and r f increase significantly and the Ep decreases. The highest 6y and sf values attained are about 2 700 MPa and 3 850 MPa, respectively, and are much higher than the highest a f value (:3 480 MPa for the wire having 80 tm diameter)10> of conventional high strength piano wire, being almost equivalent to the highest values (a fN 3 960 MPa) of cold-drawn Fe-11,12) and Co-basedl3) amorphous wires. Figure 8 also shows that the amount of r phase decreases significantly by cold drawing to above about 40 % reduction in area owing to the strain-induced transformation of r to aL phase. The formation of the aL phase was also recognized from the results of magnetization measurement, in addition to the X-ray analysis, indicating that the M~ temperature, at which the transformation of r to ai begins to occur by deformation, lies in the vicinity of room temperature owing to the high metastability of the r phase produced by rapid quenching from the melts. Considering the result that the increases in o and o f become more evident around the reduction ratio in area where the amount of 1 begins to decrease (i.e., the strain-induced aL transformation begins to occur), the achievement of such extremely high strength is interpreted as due mainly to the fibrous formation of the strain-induced aL martensite along the drawing direction, in addition to high resistance of the greatly work-hardened r and c1; phases against subsequent deformation. Although the Ep of the cold-drawn wires decreases to about 0.3 % at 90 % area reduction, the good ductility shown by the 180 deg bending remained unchanged even for the heavily cold-drawn wires having a small plastic elongation of about 0.3 %.
Iv. Discussion
Formation o f Metastable Austenite
We shall consider briefly the reason for the formation of the metastable r phase, even though the consideration is rather difficult because of the multicomponents of the present alloys. Both Cr and Al are ferrite-forming elements and the stable phase field of austenite is limited to the temperature range above about 1 073 K even in Fe-Mn-C ternary ststem containing austinite-forming elements (Mn and C).14) Therefore, in order to form an austenite single phase at room temperature, the equilibrium r must be cooled sufficiently rapidly until room temperature without the transformation of r to a or a' and the precipitation of M3C, M7C3 or M23C6 carbide. Such depressions for the present alloys are considered to have been achieved through the satisfaction of the following conditions; the application of rapid cooling to the r phase, which is stable at temperatures above about 1 073 K, causes the extension of the solid solubilities of C, Cr, and Al into r phase, leading to the suppression of the precipitation of M23C6 and M7C3 carbides and the degradation of the MS temperature down to room temperature. Here, it appears important to note that the dissolution of Mn is not always necessary for the formation of r single phase at room temperature. Judging from the previous results that the r single phase is formed in melt-quenched Fe-Cr-C15,16) and Fe-Al-C11) ternary alloys containing about 4.5-10 at% C, the dissolution of Mn for the present alloys is interpreted to result in a reduction of the critical C content for the formation of the r single phase. Figure 4 also shows that the reduction in C content in the range of 3 to 7.5 at% C is favorable for enhancing the ductility of the melt-quenched r alloy.
Z. Enhancement of Strength by Gold Drawing
We shall investigate the reason for the achievement of tensile fracture strength as high as about 3 900 MPa (-400 kgf mm2) for the r wire cold-drawn to about 90 % reduction in area. To this date, the meltquenched wires with various metastable phases in Fe-, Ni-and Mn-based alloys have been cold-drawn about 90 % reduction in area. However, the fracture strengths are below 3 430 MPa (N35O kg/mm2) 1, [3] [4] [5] and no wires exhibiting tensile strength as high as 3 920 MPa are fabricated except for melt-quenched Fe-Ni-Cr-AI-C wires having a similar alloy composition. Further, the highest tensile strength of commercial piano wires is of the order of -3 480 MPa (N355 kg/mm2)10) even after extremely heavy cold drawing above 99.99 % reduction in area. These results demonstrate that it is very difficult to obtain steel wires exhibiting strengths higher than 3 430 MPa (350 kg/mm2) only by the combination of the workhardening and the fibrous strengthening introduced by cold drawing as well as the refinement of grain size and the solid solution strengthening introduced by melt quenching. It is demonstrated in Fig. 8 that the present Fe-Mn-Cr-Al-C wires exhibit tensile fracture strength as high as about 3 920 MPa after cold drawing to about 90 % reduction in area. This fact suggests that the achievement of such ultra high strength is probably due to the fibrous formation of the strain-induced aL phase and the great workhardening of aL, in addition to the above-described strengthening mechanisms. The relatively easy cold drawability above 90 % reduction in area in spite of the ultra high strength of 3 920 MPa is probably due to a help of the transformation-induced plasticity. Additionally, the achievement of good ductility, defined by 180 deg bending, is closely related to the result that the a'L is fibrously formed along the drawing direction and the grain size of the resultant aL is extremely small because of the very fine grain size of the r matrix phase.
Stability of Metastable Austenite against Gold Drawing
In Sec. IV. 2, the achievement of the ultra high strength is interpreted as due to the favorable straininduced transformation of r to fibrous a~. The nickel-equivalent value (S), which presents the degree of stability of equilibrium r phase against strain for the stainless steels having various alloy compositions, has been empirically formularized by the following expression.18) S = Ni+0.68(wt% Cr)+0.55Mn+0.45Si
As the S value increases close to S22 %, the tensile yield strength (Uy) at room temperature increases because of an increase in the amount of the straininduced a'L phase and shows a maximum value around S22 %. With further increase in S value, the o, decreases because of the suppression of the straininduced aL transformation due to the increase in the r stability. If the above-described expression is assumed to be valid even for the present Fe-Mn Cr-AI-C alloys containing a much larger amount of C, the S value of Fe-8Mn-12.5Cr-2.5A1-3C alloy is estimated to be as large as about 33 %, indicating that the r phase is very stable against cold working. However, one must remind that the contribution of Al, which is a ferrite-forming element and raises the MS and Md temperatures, is not included in the above estimation. Judging from the experimental result that the strain-induced transformation of r to aL phase begins to occur around 4O-5O % reduction in area, the r phase in the Fe-Mn-Cr-Al-C alloy is pointed out to be relatively unstable against cold working. The discrepancy between the estimation derived from Eq. (1) and the actually observed results is probably due to the fact that the r phase obtained by melt quenching dissolves a large amount of Al and is thermodynamically in a nonequilibrium state. In order to produce a continuous wire with a good white luster directly from the molten metal by the in-rotating-water melt spinning technique, the simultaneous addition of Al and C was pointed out to be essential because Al enhances the stability of the ejected jet stream due to an easy formation of surface oxide and the increase in viscosity of the liquid, while C enhances the degree of supercooling of the molten metal. Additionally, it has been generally known that C element raises the stability of the r phase, while Al element lowers it. Fortunately, the simultaneous addition of Al and C into the r phase in the Fe-Mn-Cr-C system keeps the MS and Md points in an appropriate temperature range and as a result enables us to raise the strength of the colddrawn wires by the strain-induced aL transformation. From these discussions, the addition of Al to the Fe-Mn-Cr-C alloys is concluded to be necessary for the achievement of high strengths by the straininduced aL transformation as well as for the fabrication of a continuous wire exhibiting good ductility and white luster.
In any case, it is very important to point out that the application of the modified melt-quenching technique to the Fe-Mn-Cr-Al-C alloys results in thee formation of metastable r phase wires exhibiting high strengths and large elongation in spite of the rather brittleness in usually solidified case. Additionally, the cold-drawn Fe-Mn-Cr-Al-C wires have been found19) to exhibit fatigue strength considerably higher than the conventional piano wires. These advantages might permit a practical use of the metastable r wires in Fe-Mn-Cr Al-C system as a fine gauge ultra high-strength material.
V. Summary
Metastable austenite wires of Fe-Mn-Cr-Al-C system exhibiting high strengths and large elongation were produced in the composition ranges from 5 to 20 at% Cr, 2 to 9 at% Al, 1 to 6 at% C and above 6 at% Mn. The wire production was carried out by using a modified melt spinning apparatus in which the melt was ejected through the orifice of a quartz nozzle in the moving water layer. The austenite wires thus obtained have a nearly circular cross section and the maximum wire diameter was about 200 pm. The lattice parameter of the r phase increases from 0.3615 to 0.3658 nm with the amount (1077) of Cr, Al and C, and the average grain size is about 0.8 pm. Yield strength (cry) and tensile fracture strength @f) for the undrawn wires increase from 415 to 700 MPa and 750 to 1 180 MPa, respectively, with increasing Cr, Al and/or C content. The high values are due to the grain size refinement and the solid solution strengthening.
The elongation (rp) increases with decreasing Cr, Al and/or C content and reaches about 20 % for Fe-8Mn-12.5Cr-2.5A1-3C alloy. The r wires could be cold-drawn above 90 % reduction in area without annealing treatments. As a result of cold drawing to about 90 % area reduction the Q y and a f increase significantly to 2 700 MPa and 3 850 MPa, respectively, for Fe8Mn-l 2.5Cr-2 .5A1-3C alloy. The remarkable workhardening was interpreted as due to the formation of strain-induced lath martensite and the interaction among the martensite, and a large number of dislocations and stacking faults introduced by cold drawing. In conclusion, the present Fe-Mn-CrAl-C wires exhibiting a metastable r phase are very attractive as a new kind of high-strength materials because of their circular cross section, high strength and good ductility.
